Aims Oxidative stress accompanies inflammatory and vascular diseases. The objective of this study was to explore whether reactive oxygen species can activate shedding of platelet receptors and thus suppress platelet function. Methods and results Hydrogen peroxide and glucose oxidase were chosen to model oxidative stress in vitro. We demonstrate that oxidative damage activated tumour necrosis factor-a-converting enzyme (TACE) and induced shedding of its targets, glycoprotein (GP) Iba and GPV, in murine and human platelets. Also, 12-HpETE, a peroxide synthesized in the platelet lipoxygenase pathway, induced TACE-mediated receptor cleavage. The TACE activation was independent of platelet activation, as a-granule secretion, activation of aIIbb3, or phosphatidylserine expression was not observed. TACE activation induced by hydrogen peroxide was dependent on p38 mitogen-activated protein kinase signalling, whereas protein kinase C, phosphoinositide 3-kinase, and caspases were not involved. Inhibition of p38 cytoplasmic targets, phospholipase A 2 and heat shock protein 27, did not prevent shedding, whereas blocking 12-lipoxygenase or Src kinase slightly inhibited TACE activation. The loss of the GPIba receptor induced by oxidative stress rendered platelets unable to incorporate into a growing thrombus in vivo. Conclusion Oxidative stress can render platelets functionally less active by shedding key adhesion receptors via the activation of p38. This suggests that oxidative injury of platelets may attenuate their function.
Introduction
Platelets are recruited to the site of vessel injury where they form a preliminary plug and activate other haemostatic mechanisms. Rapid platelet attachment to the vascular wall is required for haemostasis, and glycoprotein (GP) Iba is a pivotal receptor for this process. Expressed in a complex with GPIX and GPV, GPIba binds different substrates, predominantly von Willebrand factor. There are virtually no platelet-vessel wall interactions in mutant mice lacking the extracellular domain of GPIba. 1, 2 Platelets from patients with genetic deficiency of GPIba (Bernard-Soulier syndrome) demonstrate functional abnormalities. 3 Therefore, normal expression and function of the GPIb-V-IX complex is a prerequisite for physiological haemostasis.
GPIba can be eliminated from the platelet surface by different mechanisms. It is either internalized during platelet activation 4 or shed by cleavage by tumour necrosis factor-a (TNF-a)-converting enzyme (TACE/ADAM17), 5 and a potential role of Ca 2þ -dependent protease calpain has also been reported. 6 TACE can be activated by direct stimulation of protein kinase C by phorbol 12-myristate 13-acetate (PMA). 7 Mitochondrial damage induced by carbonyl cyanide m-chlorophenylhydrazone (CCCP), a process mimicking platelet ageing, results in the activation of ADAM17 and shedding of its membrane targets. 5 In addition, the inhibition of calmodulin also results in the upregulation of TACE.
8 ADAM17-dependent cleavage of GPIba results in the shedding of the extracellular domain of the receptor, glycocalicin. Glycocalicin can normally be found in blood plasma. 9 Although the physiological role of glycocalicin is not fully understood, shedding of GPIba leads to dramatic attenuation of platelet function. 5 Oxidative stress accompanies various vascular diseases. 10 As neutrophils constitute a major source of reactive † Present address. Department of Internal Medicine, Division of Hematology/Oncology, 3188 Med Labs, Iowa City, IA, USA.
oxygen species (ROS) in the blood, oxidative stress participates in the pathogenesis of inflammatory diseases. Platelets and endothelial cells are also able to synthesize ROS upon stimulation, 11, 12 and it has been shown in vitro that a growing thrombus can generate oxygen radicals. 13 Platelets are able to produce superoxide anion 14 and more stable hydrogen peroxide (H 2 O 2 ). 15 Platelets also synthesize endogenous peroxides derived from long-chain fatty acids, such as 12-HpETE. 16, 17 Consequently, platelets could be influenced by ROS in multiple types of pathology based on inflammation, endothelial damage, or thrombosis.
Vascular oxidative stress is thought to be associated with elevated thrombosis 18 due to its direct influence on platelets and suppression of bioavailability of anti-thrombotic nitric oxide (NO). 19 For example, oxidative stress was suggested to be involved in increased arterial thrombosis in mice with hyperhomocysteinaemia. 20 On the other hand, oxidative stress was shown to precede spontaneous intracranial haemorrhage in mice with hypertension, 21 suggesting a potential contribution of ROS in bleeding. In the current study, we hypothesized that oxidative damage could directly suppress platelet functions and examined the effect of ROS on platelet receptor expression. We demonstrate that H 2 O 2 , glucose oxidase (GO), and 12-HpETE activate TACE, resulting in the shedding of GPIba and GPV, components of a principal receptor complex involved in thrombosis. We also report that TACE activation in platelets by ROS is entirely mediated by p38 kinase.
Methods

Animals
The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and all experimental procedures were approved by the Animal Care and Use Committee of the Immune Disease Institute. C57BL/6J wild-type mice were from The Jackson Laboratory (Bar Harbor, ME, USA). TACE þ/DZn mutant mice (C57BL/6J/129Sv background) were kindly provided by Amgen (Seattle, WA, USA). TACE DZn/DZn chimeras were generated as described. 5 
Reagents and antibodies
The reagents and antibodies were purchased as follows: antibodies against mouse P-selectin, aIIb, human GPIba, annexin V, and z-VAD-FMK from BD Pharmingen, (San Jose, CA, USA), antibodies against mouse GPIba, GPV, GPVI, GPIX, a5b1, and the activated form of aIIbb3 from Emfret Analytics (Wuerzburg, Germany), aristolochic acid and 12-HpETE from Cayman Chemical (Ann Arbor, MI, USA), cinnamyl-3,4-dihydroxy-a-cyanocinnamate (CDC), esculetin, and cytochalasin D from Biomol (Plymouth Meeting, PA, USA), KRIBB3 (an inhibitor of HSP27), prostacyclin (PGI 2 ), PGE 1 , thrombin, apyrase, wortmannin, and GO from Sigma (St Louis, MO, USA), TAPI-1, SB203580, PD98059, PP2, BAPTA-AM, and protein kinase C inhibitor Ro31-8220 from EMD Chemicals, Inc., Gibbstown, NJ, USA, and calcein acetoxymethyl ester (calcein AM) and Calcein Red Orange AM from Molecular Probes (Eugene, OR, USA).
Blood collection and preparation of washed platelets 2.3.1 Murine
Whole blood from the retro-orbital venous plexus was collected into Eppendorf tubes with heparin (7.5 U/mL final concentration). Blood was centrifuged at 200g for 5 min at room temperature (RT) to obtain platelet-rich plasma (PRP). PRP was incubated for 5 min with PGI 2 (0.1 mg/mL) and centrifuged at 850g for 3.5 min. Platelet pellet was then resuspended in Tyrode's-HEPES buffer (137 mM NaCl, 2 mM KCl, 12 mM NaHCO 3 , 0.3 mM NaH 2 PO 4 , 5.5 mM glucose, 5 mM HEPES, 0.35% bovine serum albumin), and washed once prior to use in experiments.
Human
The investigation conforms with the principles outlined in the Declaration of Helsinki. We obtained informed consent from all donors and approval from the Immune Disease Institute Institutional Review Board. Whole ACD-stabilized blood was obtained from healthy donors who had not taken any medication for at least 10 days. PRP was prepared by centrifugation (120g, 10 min, RT). Platelets were washed at 750g in the presence of PGE 1 (0.5 mg/mL) and apyrase (1 U/mL) and resuspended in Tyrode's-HEPES buffer (free of apyrase and PGE 1 ).
Platelet exposure to oxidative stress and FACS analysis
Murine or human platelets were adjusted to the concentration of 1 Â 10 5 /mL and 1.5 Â 10 5 /mL, respectively. GO, H 2 O 2 , or 12-HpETE was added in the indicated concentrations, and platelets were incubated for up to 1 h (for murine platelets) and up to 6 h (for human platelets) at 378C. Inhibitors of signalling pathways were added to the appropriate samples 15 min before the application of oxidative stress. Samples of platelets (5 mL) were mixed with fluorescently labelled mAbs (2 mg/mL final concentration for BD Pharmingen mAbs, clone HIP1, and 1:5 dilution for Emfret Analytics, clone Xia.G5, mAbs) and incubated 5 min at RT in the dark. The reaction was terminated by dilution in 500 mL PBS and the samples were analysed by FACS (Becton Dickinson) within 1 h.
Western blot for glycocalicin
After incubation with H 2 O 2 , samples of platelet supernatant or platelets (lysed in 1% Triton in the presence of protease inhibitor cocktail) were mixed with 2Â sodium dodecyl sulphate sample buffer, boiled, and run on SDS-PAGE (7.5%) under reducing conditions. Proteins were then transferred to a polyvinylidene fluoride membrane. The membrane was blocked with 5% milk (30 min) and incubated with 2 mg/mL anti-GPIb mAb (18 h, 48C). After three washes with TBST, the membrane was incubated with secondary Ab conjugated with horseradish peroxidase (1 mg/mL). Proteins were visualized by enhanced chemiluminescence.
The mAb used for western blotting (clone Xia.G7) recognizes the extracellular domain of GPIba. The molecular weight of intact GPIba recognized by the mAb is 150 kDa, and the extracellular domain is 130 kDa. Therefore comparison of bands in platelet lysates and platelet supernatant makes it possible to distinguish whether the intact receptor or just the extracellular domain is shed.
Aggregometry
To assess platelet aggregation, light transmission was measured by a Chrono-Log four-channel optical aggregation system (Chrono-Log, Havertown, PA, USA). Washed platelets were resuspended in modified Tyrode's-HEPES buffer containing 1 mM CaCl 2 at a concentration of 1.5 Â 10 5 platelets/mL (human platelets) and 1 Â 10 5 /mL (murine platelets). Thrombin was added at the final concentration of 1 U/mL, and light transmission was recorded for 12 min.
In vivo thrombosis model
Intravital microscopy was performed as described. 22 Briefly, intact or H 2 O 2 -treated platelets were differentially labelled with calceingreen or calcein-orange (1 mg/mL, 10 min, RT) and adjusted to the concentration of 2.5 Â 10 7 and 7 Â 10 7
, respectively, in 100 mL of Tyrode's-HEPES buffer. Both types of labelled platelets were infused into 4-week-old male mice anaesthetized with avertin. A drop of blood (50 mL) was drawn, and an equal number of circulating platelets of both types were verified by FACS before starting the procedure. The mesentery was exposed through a midline abdominal incision and injury was induced by the application of 10% FeCl 3 on a filter paper for 5 min. Arterioles were monitored until blood flow was arrested for .30 s. The whole process was recorded and the number of platelets interacting with the vessel wall 6 min after FeCl 3 application was counted for 1 min.
Statistical analysis
Data are expressed as mean + SD. The results were calculated using Student's t-test or ANOVA followed by Tukey's post hoc test, and the difference between groups was considered significant at P , 0.05.
Results
Oxidative stress induces TACE-dependent shedding of GPIba and GPV on platelets
To address the effect of ROS on platelet receptor expression, we incubated washed murine platelets with H 2 O 2 , a relatively stable reactive oxygen compound used to mimic oxidative stress in vitro. 23 The presence of H 2 O 2 resulted in a marked decrease in GPIba and GPV expression levels on the platelet membrane ( Figure 1A and B) as determined by mean fluorescence intensity (MFI). Similar to H 2 O 2 , GO (10 mU/mL, 1 h, 378C), which enzymatically generates H 2 O 2 , 24 when added to washed platelets, induced complete disappearance of GPIba from the platelet membrane (not shown). Next, we evaluated the dosedependency of the H 2 O 2 effect. The decrease in MFI became statistically significant at 50 mM H 2 O 2 for GPIba and 10 mM for GPV, and the lowest dose inducing the effect close to maximal was 100 mM ( Figure 1C) . This H 2 O 2 concentration has also been used to explore H 2 O 2 effects on vascular cells, 25 and therefore we utilized it in our further experiments.
Because GPIba shedding induced by, for example, PMA (a PKC agonist) occurs rapidly (10 min), 5 we assessed the temporal kinetics of the H 2 O 2 effect. In contrast to PMA, H 2 O 2 -induced receptor downregulation occurred over a longer time period (1 h, Figure 1D ), although a small but statistically significant MFI decrease was observed already at 20 min for GPIba and 10 min for GPV staining.
To examine whether H 2 O 2 induces receptor shedding or internalization, we performed western blot to analyse both platelets and the supernatant after treatment with H 2 O 2 . Increased levels of glycocalicin appeared in the supernatant, and the extracellular domain of GPIba disappeared from platelets following ROS treatment; this effect was completely blocked by an inhibitor of TACE, TAPI-1 ( Figure 2A and B, lanes 1-3) . H 2 O 2 induced no shedding in TACE DZn/DZn platelets ( Figure 2A and B, lanes 4 and 5). Similar results were obtained by FACS for GPIba and GPV ( Figure 2C and D) . Therefore, oxidative stress induces the shedding of the receptors from the platelet membrane in a TACE-dependent fashion.
Along with external ROS, platelets are also able to produce peroxides; a primary one is 12-HpETE, formed in the 12-lipoxygenase pathway. 16 When co-incubated with platelets in nanomolar-to-micromolar concentrations, this peroxide also stimulated the shedding of GPIba ( Figure 2E ). This effect was reversed by TACE inhibition, indicating that 12-HpETE, similar to H 2 O 2 , activates TACE. The shedding of GPV was also observed, although to a lesser extent than the shedding of GPIba (to 84.5 + 4.7% of control MFI for GPV compared with 61.1 + 7.1% for GPIba, at 1000 nM 12-HpETE). After exposure to H 2 O 2 (100 mM), GO (10 mU/mL), or 12-HpETE (1 mM), murine platelets retained an ability to aggregate normally in response to 1 U/mL thrombin (not shown), which suggests that the oxidative stress did not significantly impair their in vitro function.
Oxidative stress and the expression of other platelet receptors
To determine whether oxidative stress promotes the shedding of other platelet receptors, we assessed the expression of other surface antigens. Incubation with H 2 O 2 induced no significant change in the expression of aIIb and a 5 b 1 integrins and GPVI ( Figure 3A) . The expression of GPIX was elevated. The reason for this effect remains unclear, although a possible explanation could be higher accessibility of binding sites on this receptor in the absence of the large glycosylated GPIba extracellular domain.
Since platelet activation can change the level of receptor expression, we next evaluated the effect of oxidative stress on platelet activation markers. No increase in the surface expression of P-selectin, stored in a-granules, or phosphatidylserine, located on the inner platelet membrane layer, was observed after treatment with H 2 O 2 ( Figure 3B ), indicating the lack of translocation of these molecules. ROS at the concentrations tested also did not activate aIIbb3, as shown by the lack of binding of an antibody recognizing only the active form of the complex. Thus, the observed receptor shedding occurred without full platelet activation.
Oxidative damage limits platelet adhesion and ability to incorporate into a growing thrombus
To evaluate how ROS-induced TACE activation affects platelet function in vivo, we injected recipient mice simultaneously with control and H 2 O 2 -pretreated murine platelets labelled with calcein AM and calcein Orange AM, respectively. In the FeCl 3 -induced arterial thrombosis model, the initial interaction of H 2 O 2 -treated platelets with vascular wall was substantially decreased ( Figure 4A ). The number of either transiently or firmly arrested platelets was decreased greater than seven-fold after H 2 O 2 treatment compared with controls. When an occluding thrombus was formed, it contained a large number of control platelets, whereas only a few ROS-treated platelets were detected ( Figure 4B ).
ROS-induced platelet receptor cleavage is mediated by p38 MAP kinase
At present, only limited information exists regarding the mechanisms of TACE activation in platelets. To address this question, we utilized a pharmacological approach. Chelating extracellular Ca 2þ with EDTA or intracellular Ca 2þ with BAPTA-AM did not prevent the shedding of GPIba ( Figure 5A) . Similarly, cytochalasin D, an inhibitor of actin polymerization, failed to block the effect of H 2 O 2 . These results suggest that neither Ca 2þ -dependent mechanisms nor platelet actin cytoskeleton was involved. TACE activation was also independent of PKC, PI3-kinase, and caspases, pathways that could be activated by ROS 26, 27 ( Figure 5B ). The inhibition of Src kinase only slightly reduced the receptor cleavage, whereas blocking p38 MAP kinase completely abrogated shedding. Neutralizing another MAP kinase, ERK, did not prevent H 2 O 2 -induced receptor shedding ( Figure 5B) .
Two cytoplasmic targets for p38 have been described: PLA 2 and HSP27 (via MAPK-activated protein kinase-2). 28, 29 Both molecules are part of the platelet physiology; therefore, they are good candidates for downstream molecules involved in TACE activation. However, blocking PLA 2 or inhibiting HSP27 phosphorylation did not prevent receptor cleavage ( Figure 5C ). Thus, it appears that oxidative stress activates p38 in platelets, which in turn upregulates TACE activity through a yet unidentified pathway.
Interestingly, neutralization of 12-lipoxygenase by two independent inhibitors resulted in moderate but statistically significant attenuation of the ROS effect ( Figure 5D ), which suggests the involvement of this pathway in TACE activation in platelets.
ROS induce receptor shedding from human platelets
We next addressed the ability of ROS to reduce receptor expression on human platelets. In human platelets, bolus of H 2 O 2 activated TACE only at non-physiological doses of 1 mM and above (not shown), which was substantially higher than the concentration effective with murine cells. Therefore, we used GO (25 mU/mL), an enzyme that mimics oxidative stress by producing H 2 O 2 .
24 After 6 h of incubation, GPIba expression decreased to almost 50% of the initial level ( Figure 6A ). Platelet viability after incubation with GO was confirmed by normal aggregation in response to thrombin ( Figure 6B ). Shedding was reversed by TAPI-1, suggesting the involvement of TACE. The effect of GO was inhibited by SB203580, indicating again that p38 kinase is implicated in TACE activation induced by the oxidative damage.
Thus, similar to murine platelets, human platelets respond to oxidative stress by activating TACE and shedding GPIba.
Discussion
Oxidative stress has been considered pro-thrombotic due to the ability of some ROS (for example, superoxide anion) to stimulate platelet aggregation and release 30 and to reduce the bioavailability of NO. 17 In contrast, we show here that the direct effect of ROS on platelets results in the activation of TACE and cleavage of its target receptors, such as GPIba and GPV, from the plasma membrane. As GPIba is critically important for thrombosis 1 and H 2 O 2 -treated platelets are unable to incorporate into a thrombus in vivo (Figure 4) , our results suggest that oxidative stress may potentially limit platelet function.
In contrast to rapid shedding induced by the artificial agent PMA, ROS-promoted cleavage required 1 h to proceed. This finding suggests that oxidative stress is not likely to limit rapidly growing thrombi at sites of strong injury but may do so when thrombi develop slowly and persist for a long time. Platelet, neutrophil, or endothelium-derived ROS might trigger platelet membrane receptor downregulation, thus attenuating further platelet recruitment. This mechanism may be relevant in certain thrombosis-related diseases where thrombi may be pacified, such as angina pectoris, which are more prone to chronic thrombus development rather than rapid, acute thrombus formation resulting, for example, from atherosclerotic plaque rupture.
Although thrombosis is elevated in some severe inflammatory diseases, some pro-inflammatory cytokines can be anti-thrombotic. For example, it has been shown that systemic administration of TNF-a exerts an anti-thrombotic activity in an NO-dependent fashion. 31 TNF-a activates neutrophils 32 and was shown to induce the production of superoxide in platelets. 33 Consequently, inflammation could trigger thrombosis-limiting mechanisms by the cooperative action of two factors: NO that comes from the vessel wall, and ROS from endothelium or blood cells, thus diminishing the expression of platelet adhesion receptors. Importantly, 12-HpETE, intracellular peroxide produced in the 12-lipoxygenase pathway, was also able to activate TACE and shed the receptors. This finding suggests that even in the absence of external sources of ROS, the oxidative stress-triggered anti-thrombotic mechanism may slowly develop over the life of a thrombus.
The metalloproteinase TACE is known to mediate the shedding of GPIba and GPV in platelets. 5 The activation of TACE by ROS has recently been reported in monocytic cell line and neurons. 34, 35 In the present work, we show that oxidative damage can activate TACE in platelets. Although TACE activation was entirely dependent on p38 kinase, known cytoplasmic targets of p38, PLA 2 and HSP27 were not involved. It is known that the p38/HSP27 axis mediates actin reorganization induced by oxidative damage. 36 The fact that HSP27 was not involved, in conjunction with the lack of an effect by cytochalasin D, suggests that TACE activation is independent of the actin cytoskeleton. Our results point to the possibility that p38 directly phosphorylates TACE in platelets, as was demonstrated for ERK using an in vitro kinase assay. 37 Alternatively, it is also possible that p38 activates TACE via some other intermediate molecule.
We demonstrate that oxidative stress promotes receptor shedding not only in murine but also in human platelets. Shedding from human platelets was slow, similar to that observed in previous studies in which TACE activation and receptor shedding was stimulated by CCCP, an agent inducing mitochondrial injury. 5 A potentially important aspect of oxidative damage is the defect in platelet function that progressively develops during platelet storage. Stored platelets shed GPIba as a part of the storage-induced damage called platelet storage lesion. The shed protein accumulates in platelet concentrates as glycocalicin. 38, 39 In parallel, stored platelets progressively lose their adhesive capacity. 40 This process could be mediated at least in part by accumulating ROS, and the cleavage of GPIba and GPV can underlie deteriorated platelet function after storage. These speculations are further supported by recent findings that in vitro aged platelets (in a CCCP-induced mitochondrial injury model) rapidly shed GPIba in a TACE-dependent fashion. 5 Such injured platelets have an impaired post-transfusion recovery. The inhibition of metalloproteinases prevented receptor shedding and prolonged platelet lifespan in the circulation. The disruption of mitochondrial potential also occurs in platelets during in vivo ageing. 41 Therefore, oxidative stress could be implicated in platelet storage lesion, and anti-oxidants could be beneficial for maintaining platelet function during storage.
In conclusion, we have demonstrated that ROS activate TACE in platelets in a p38-dependent fashion. This leads to the shedding of GPIba and GPV and dramatic impairment of platelet adhesion to the vessel wall and incorporation in a thrombus. Thus, the effect of oxidative stress on platelets could represent a mechanism for limiting platelet function. Figure 6 ROS activate TACE in human platelets. (A) GO (25 mU/mL) was added to washed human platelets, and platelets were incubated for 6 h at 378C in the presence or absence of TAPI-1 (1 mM) or SB203580 (20 mM). The expression of GPIba was determined by FACS; n ¼ 5. (B) Human platelets were incubated with GO (25 mU/mL) for 6 h, then Ca 2þ (1 mM) was added, and aggregation in the presence of 1 U/mL thrombin was recorded. Representative graph of five experiments is shown.
